Introduction
============

Although genetic adaptation, as a consequence of natural selection, is considered the main force driving evolution, two other factors also contribute to evolutionary change: chance and historical contingency ([@b26]). The effects of chance are usually due to genetic drift events and random mutations without value for the organisms ([@b17]; [@b37]; [@b53]); the final consequence is that alleles that neither improve nor decrease adaptation are maintained in populations. Historical contingency can become important if certain genetic changes of adaptive value in the past constrain or promote evolutionary outcomes ([@b27]; [@b6]). To disentangle the effects of adaptation, chance, and history on evolutionary change, [@b25], pp. 320--321) proposed a theoretical experiment, which consisted of "replaying life\'s tape" to test the repeatability of evolution and thereby to evaluate their respective roles; the experiment was envisioned to demonstrate the processes involved in macroevolutionary events. Obviously, an experiment such as that envisioned by [@b25] cannot be performed, as [@b38] stated: "the limitations reflect our lack of access to better machines for time travel." However, this theoretical experiment can be empirically addressed in microevolution by the robust experiment of [@b54] in which, instead of "replaying life\'s tape" sequentially (where each tape recording is a replication of the experiment, each of them separated in time), one can achieve the same objective by replicating independent isolates propagated simultaneously. At the starting point, identical isolates (replicates) from a single ancestral genotype are established and the initial mean value of a specific phenotypic trait (in our case, growth rate and toxin cell quota) is measured for each of them. This value is expected to be identical among strains, within statistical limits of measurement error, at the beginning of the experiment. After a period of time, the value of each trait is measured again for each isolate. Differences between the initial and final mean values are explained as a result of the effect of adaptation, chance, or history ([Fig. 1](#fig01){ref-type="fig"}). Thus, a significant change in the mean value in relation to that of the ancestral isolate means that the trait has been a target of natural selection or that it is correlated with some other trait that has been selected. On the other hand, a significant increase in its variance represents the occurrence of divergence among the evolved isolates (the specific trait has not been a target for adaptation but reflects the effects of random mutations or drift or their interactions with other evolutionary processes). Other alternatives are the occurrence of both adaptation and chance, or on the other hand, the occurrence of neither.

![Schematic representation of evolutionary change determined by adaptation (a), history (b), and chance (c). The effects of chance are demonstrated for a set of clones of a single ancestral genotype, whereas adaptation and history are illustrated for several independent ancestors. Isoclines (dotted line) represent the score location if no changes take place. Adapted from [@b54] and [@b57].](ece30002-1251-f1){#fig01}

To test the effect of history, it is necessary to carry out a similar experiment using different ancestral genotypes ([@b54]; [Fig. 1](#fig01){ref-type="fig"}). The experiment of [@b54] was designed for bacterial populations, and with the appropriate modifications it has been recently addressed with digital organisms ([@b57]) in an apicomplexan parasite ([@b45]), a marine dinoflagellate ([@b21]), and cyanobacterium ([@b52]). Certainly, this experimental evolutionary study can be carried out in any microorganism that can be asexually grown and easily manipulated during many generations.

Blooms of the toxic dinoflagellate *Alexandrium minutum* Halim were previously known only from the waters of the Mediterranean Sea and South Australia ([@b31]) but toxic populations have been later detected in northern France ([@b4]), northwestern Spain ([@b23]), the North Sea ([@b42]; [@b19]; [@b47]; [@b33]), India ([@b24]), Malaysia ([@b55]), Vietnam ([@b60]), and South Africa ([@b48]). The increase in reports of harmful algal blooms has been related to increased numbers of scientific studies ([@b1]), eutrophication or unusual climatic conditions in coastal waters ([@b29]), and to the spread of toxic algae by natural ([@b56]; [@b46]) or human-assisted vectors ([@b39]; [@b20]). More recently, the factors linked to anthropogenic global change have also been implicated in the expansion of harmful algal blooms ([@b30]). In relation to global change, it must be take into account that the increasing CO~2~ concentration in the last two centuries (and the concomitant acidification and increased temperature at the sea surface) means that *A. minutum* (and all marine organisms) are being exposed to changes that are taking place faster than those that they underwent in their evolutionary past ([@b49]; [@b51]). However, few phytoplankton experiments have gone on long enough for genotype selection to be significant ([@b50]; [@b11]; [@b12]; [@b21]; [@b52]). For this reason, it has been suggested that long-term selection experiments must be performed in order to understand the potential adaptation and evolution resulting from global change in the oceans ([@b49]).

The aim of this work was to evaluate the contribution of adaptation (separating acclimation from selection of favored mutants), chance, and history to the phenotypic change in growth rate and toxin cell quota in two toxic strains of *A. minutum*. For this purpose, long-term cultures (previously acclimated to pH 8.0 and 20°C) were performed at a temperature increased by 5°C and a pH drop of 0.5 units; then, the ancestral and derived scores of growth rate and toxin cell quota were compared. Although the experimental approach followed here is an oversimplification of the reality, it constitutes a novel way to explore the evolutionary response of toxic dinoflagellates to anthropogenic-induced changes in environmental conditions.

Materials and Methods
=====================

Experimental organism and growth conditions
-------------------------------------------

Two strains of *A. minutum* Halim (both isolated from the Ría de Vigo, NW Spain), one of which (Al1V) is more toxic than the other (Al2V; [@b22]), were used. The strains are available from the Algal Culture Collection of the Facultad de Veterinaria (Universidad Complutense, Madrid, Spain). Cultures of both strains were maintained in 50-mL Greiner tissue-culture flasks in 20-mL f/2 medium supplied by Sigma Aldrich Chemie (Taufkirchen, Germany) at 20°C, pH 8.0 under 60 µmol photons m^--2^ sec^--1^ over the waveband 400--700 nm, 16:8 h light:dark photoperiod. Exponential growth of cells was achieved by serial transfer of an inoculum to fresh medium every 21 days, for two years ([Fig. 2](#fig02){ref-type="fig"}). More data on isolation, culture, and genetics of these strains are compiled in [@b14], [@b15], [@b16], and [@b41]. The absence of viable bacteria was tested periodically by epifluorescence microscopy after staining with acridine orange.

![Schematic representation of the experimental design. Ten isolates for control (pH 8.0, 20°C) and 10 for selective conditions (pH 7.5, 25°C) of each *Alexandrium minutum* strain (AL1V and AL2V) were maintained through serial transfer into fresh medium. Under selective conditions, growth rate and toxin cell quota were determined every six months till these traits did not change in three consecutive measurements (720 days, corresponding to ca. 250 generations in strain AL1V and ca. 180 generations in strain AL2V). In order to disentangle the effects of acclimation from genetic adaptation, additional growth rate measurements were made in the controls after ca. 220 generations in strain AL1V and ca. 165 generations in strain AL2V. For this purpose, the control cultures were transferred to selective conditions (pH 7.5, 25°C) for 20 days (corresponding to ca. eight generations in strain AL1V and ca. six generations in strain AL2V).](ece30002-1251-f2){#fig02}

Experimental design
-------------------

Just before the experiment, both strains were recloned from a single vegetative cell, thus assuring their genetic homogeneity at the starting point. These newly established cultures were grown to mass populations in environmental conditions similar to those used to maintain cultures started from stocks from the Algal Culture Collection two years before (f/2 medium, 20°C, pH 8.0 under 60 µmol photons m^--2^ sec^--1^ over the waveband 400--700 nm, 16:8 h light:dark photoperiod). Cultures were then used to found 10 independent populations of each strain, and their growth rates and toxin cell quota were measured ([Fig. 2](#fig02){ref-type="fig"}). These populations were transferred to new culture conditions that were chosen in order to mimic the proposed environmental conditions in the middle latitude oceans for the next few decades. For this purpose, only two of the principal environmental factors involved in global changes in the oceans were chosen: temperature and pH. Studies on global change predict a warming of 2--6°C ([@b32]; [@b36]) and a pH drop in the sea surface of 0.2--0.5 units ([@b62]; [@b9]) below today\'s mean, by 2100--2200. Consequently, the cultures were transferred to 25°C and pH 7.5 but the other culture conditions (f/2 medium, 60 µmol photons m^--2^ sec^--1^ over the waveband 400--700 nm, 16:8 h light:dark photoperiod) were maintained as previously described. To reduce the pH to 7.5, 1N HCl was added to the culture medium. Because the pH increased to 8.0 in 8--10 days due to the photosynthetic activity of cells, the pH was adjusted every three days (at this moment, pH ranged from 7.5 to 7.7).

Experimental cultures were serially propagated by 32-fold dilution into fresh medium every 18--12 days for strain AL1V and 25--17 days for strain AL2V (this interval was shortened as the experiment progressed), in order to achieve ca. 5 generations of binary division before the further addition of fresh medium. At every transfer, the population size was ca. 2.5 × 10^3^ cells. Growth rate and toxin cell quota, averaged for each strain, were checked every six months. Cultures were propagated until no significant changes in growth rate and toxin cell quota (tested by one-way analysis of variance \[ANOVA\]) were detected in three consecutive measurements (after 720 days, corresponding to ca. 250 and ca. 180 generations for strains AL1V and AL2V, respectively). Then, averaged growth rate and toxin cell quota of the evolved populations were newly measured ([Fig. 2](#fig02){ref-type="fig"}). Under all of the culture conditions used in the experiment, proliferation of cells was exclusively due to asexual reproduction.

The effects of adaptation, history, and chance on evolutionary change of growth rate and toxin cell quota were estimated by using the values measured at the start and at the end of the experiment (see [Fig. 1](#fig01){ref-type="fig"}). The effects of adaptation were defined by changes in the great mean value and 95% confidence limits were calculated by using the *t* distribution. The effects of history and chance were estimated by means of a two-level (two strains and 10 isolates within each strain, with three replicates of the growth rate or toxin cell quota measurement per isolate) nested ANOVA. Thus, the contribution of the history component corresponds to the variance measured among strains, whereas the chance component was estimated by the variance measured among isolates within the same strain. The homogeneity of variances was checked with the Bartlett test. The square root of the variance component for history and chance was reported in order to use units that were comparable to the mean change due to adaptation. Approximate 95% asymmetrical confidence limits were calculated for the variance components. All the tests were performed according to [@b61].

Acclimation versus genetic adaptation
-------------------------------------

In order to test whether adaptation resulted from acclimation or by selection of new genetic variants arising by mutations, the cells cultured in the control conditions (10 isolates from both strains, propagated for 720 days) were then transferred to the selective culture conditions (pH 7.5, 25°C) for 20 days (ca. eight generations in strain AL1V and ca. six generations in strain AL2V; [Fig. 2](#fig02){ref-type="fig"}). It must be highlighted that almost in bacteria, seven generations are enough to check if adaptation process is assured by means of acclimation or genetic mechanisms ([@b13]).

Genetic adaptation corresponds to the difference between growth rate of the derived cells under selective conditions and growth rate of the derived cells under control conditions and transferred for 20 days to selective conditions (i.e., growth rate data sets I--III in [Fig. 2](#fig02){ref-type="fig"}). Acclimation corresponds to any excess of the growth rate of the later in comparison to growth rate from the derived control cells (i.e., growth rate data sets III--II in [Fig. 2](#fig02){ref-type="fig"}).

Measurement of growth rate and toxin cell quota
-----------------------------------------------

Growth rate was measured under *r*-selection conditions in exponentially growing cultures according to [@b17] as where *N~t~* and *N*~0~ are the cell number at time *t*= 5 and 0 day, respectively. The values of *N*~0~ and *N~t~* were determined at 6 and 11 days after the transfer of cells to fresh medium. Three independent observers made cell counts by haemocytometer (Double Neubauer, ruling, Fortuna W. G. Co., Germany), obtaining a CV \<5% on the same sample.

Toxin was measured using the Ridascreen® Fast PSP SC competitive enzyme immunoassay (R-Biopharm AG, Darmstadt, Germany) according to the instructions of the manufacturer. Toxin cell quota was computed as toxin content measured in the sample divided by the number of cells (measured by haemocytometer). Five pseudoreplicates on the same sample yielded a CV \<3%.

Results
=======

Growth rate
-----------

Ancestral and derived scores of growth rate in the two strains of *A. minutum* are shown in [Fig. 3a](#fig03){ref-type="fig"}. Adaptation was absent (by design) at the start of the experimental selective period but the initial scores of growth rate of *A. minutum* were significantly affected by history (*F*= 162.14; df = 1 and 18; *P* \< 0.05) and, in a lower quantity, by chance (*F*= 4.94; df = 18 and 40; *P* \< 0.05; [Fig. 3b](#fig03){ref-type="fig"}).

![(a) Ancestral versus derived values for mean growth rate measurements in 10 isolates from strains AL1V (diamonds) and AL2V (circles) of *Alexandrium minutum*. Derived values were obtained after 720 days (ca. 250 and ca. 180 generations in strains AL1V and AL2V, respectively). Isocline (dotted line) represents the score location if no changes take place. (b) Contributions of adaptation, chance, and history to growth rate at the start and at the end of the experiment. Error bars represent 95% confidence limits; values of the upper confidence limits (UCL) for history are included.](ece30002-1251-f3){#fig03}

After ca. 250 generations in strain AL1V and ca. 180 generations in strain AL2V under selective conditions, ca. 20% of the evolutionary change was explained as adaptation (*t*= 25.461; df = 58; *P* \< 0.05), ca. 75% was due to history (*F*= 342.83; df = 1 and 18; *P* \< 0.05) and ca. 5% was a consequence of chance (*F*= 7.95; df = 18 and 40; *P* \< 0.05; [Fig. 3b](#fig03){ref-type="fig"}). It must be highlighted that 95% upper confidence limits for both initial and final effects of history (i.e., the variance among strains) are very high because only two strains were used.

In order to disentangle genetic adaptation and acclimation as components of final adaptation, the growth rates corresponding to data sets I--III were used (see [Fig. 2](#fig02){ref-type="fig"}). Mean growth rates in the controls at pH 8.0 and 20°C at the outset of the experiment (data set II), were 0.27 ± 0.02 and 0.20 ± 0.01 doubling day^--1^ for the strains AL1V and AL2V, respectively. However, the growth rates from both strains significantly increased (*t*-test = 28.361 and 31.563 for strains Al1V and Al2V, respectively; df = 18; *P* \< 0.05) when they were transferred for 20 days under selective conditions (data set III), yielding an overall mean value of 0.32 ± 0.02 and 0.23 ± 0.02 doubling day^--1^ for the strains AL1V and AL2V, respectively. These later values were significantly lower (*t*-test = 38.075 and 42.783 for strains Al1V and Al2V, respectively; df = 18; *P* \< 0.05) than those found at the end of the experiment in the derived cells (0.43 ± 0.02 and 0.30 ± 0.02 for strains Al1V and Al2V, respectively; data set I). From the differences between the growth rate data sets, it was found that acclimation (data sets III--II) accounted ca. 32% of total adaptation, while the selection (data sets I--III) of new genetic variants was responsible for the rest ca. 68%.

Toxin cell quota
----------------

The scores of ancestral and derived toxin cell quota in strains AL1V and AL2V are shown in [Figure 4a](#fig04){ref-type="fig"}. Both history and chance significantly contributed to the initial scores of toxin cell quota of both strains of *A. minutum* (*F*= 325.07, df = 1 and 18, *P* \< 0.05 for history; *F*= 4.78, df = 18 and 40, *P* \< 0.05 for chance; [Fig. 4b](#fig04){ref-type="fig"}).

![(a) Ancestral versus derived values for mean toxin cell quota measurements in 10 isolates from the strains AL1V (diamonds) and AL2V (circles) of *Alexandrium minutum*. Derived values were obtained after 720 days (ca. 250 and ca. 180 generations in strains AL1V and AL2V, respectively). Digits close to symbols indicate the number of similar scores. Isocline (dotted line) represents the score location if no changes take place. (b) Contributions of adaptation, chance, and history to toxin cell quota at the start and at the end of the experiment. Error bars represent 95% confidence limits; values of the upper confidence limits (UCL) for history are included.](ece30002-1251-f4){#fig04}

The evolutionary change of toxin cell quota of *A. minutum* after ca. 250 generations in strain AL1V and ca. 180 generations in strain AL2V under the new conditions was not a consequence of adaptation (\|*t*\| = 1.463, df = 58, *P*= 0.14). However, the evolutionary change was significantly affected by both the historical contingency (*F*= 41.96; df = 1 and 18; *P* \< 0.05) and the chance (*F*= 21.46, df = 18 and 40, *P* \< 0.05; [Fig. 4b](#fig04){ref-type="fig"}).

Discussion
==========

Understanding the biological responses to global change will be one of the main tasks of evolutionary biology in coming decades ([@b5]). Due to the implications for human health risks and economic losses caused by toxic algae ([@b34]), the assessment of the relative importance of the different components of evolution elicited by environmental forcing is crucial. The predictions about the growth rate and performance of microalgae at the prevailing conditions in seawater by 2100--2200 are based mostly on short-term experiments and they differ between species and taxonomic groups ([@b3]). For instance, it is known by short-term experiments that *A. minutum* shows higher growth rates at pH 7.5 than at pH 8.5, and 25°C seems to be an optimal environmental condition for cell growth in this species ([@b35]). However, the increment in growth rates found in our long-term experiments at pH 7.5 and 25°C is higher than the increment observed in short-term experiments at different pH values ([@b35]). Moreover, the increased growth rates in our experiment were mainly due to the selection of new genetic variants arising by mutation. This results point to the fact that long-term selection experiments are needed to understand the potential adaptation and evolution resulting from global change in the marine environment.

The evolution of growth rate in both strains of *A. minutum* was strongly constrained by the historical contingencies although adaptation was also involved. Genetic adaptation (i.e., selection of favored mutants) accounted two-thirds of total adaptation while one-third was due to acclimation. The selective effect of the increased temperature and slight drop in pH seemed to be strong enough to constrain the adaptation of all the experimental replicates in both strains, as suggested by the negligible contribution of chance. Since asexually growing clonal cultures were used, the evolutionary changes are due to new mutations, which occurred during propagation of derived cultures under the new environmental conditions. There should be a high number of mutants due to the huge number of cells growing in each culture. Some mutations increased growth rate and were selected, displacing the wild-type genotypes. Mutations decreasing growth rate were eliminated by natural selection.

The strong contribution of history suggests that disruptive selection could operate in *A. minutum*, because differences in mean growth rate scores between the strains increased under the selective conditions. The metaphor of the adaptive landscape ([@b59]; [@b58]; [@b10]) could be applied to explain the different final growth rate scores between strains AL1V and ALV2: natural selection drove the strains to different final adaptive peaks differing in height. However, the disruptive selection pattern for the evolution of growth rate of *A. minutum* differs from the one found in other biological models in which directional selection (i.e., the convergence of the growth rate of experimental isolates) was the pattern found in viruses ([@b8]; [@b18]), bacteria ([@b54]), protozoa ([@b45]), the dinoflagellate *Prorocentrum triestinum* Schiller ([@b21]), the toxic cyanobacterium *Microcystis aeruginosa* (Kützing) Kützing ([@b52]) and even digital organisms ([@b57]; in this case, award rate, a variable closely related to average growth rate, was used).

The phenotypic changes in toxin cell quota were due to chance but, as it occurred with evolution of the growth rate, they were strongly constrained by historical contingency. According to evolutionary theory, chance includes random genetic drift ([@b17]) and neutral mutations ([@b37]). Genetic drift events are a consequence of "sampling errors" when the number of individuals in populations becomes relatively low at a given moment ([@b17]); because the minimum cell density of *A. minutum* in the cultures was ca. 2.5 × 10^3^ cells in 20 mL of culture medium, it can be hypothesized that the role of chance may be due to neutral mutations rather than to genetic drift events. Since each culture has a huge number of cells, numerous mutations should have arisen during cell growth in each isolate. Some mutations increased toxin production whereas other mutations decreased toxin production, suggesting that the effect of selection for toxin production in derived population was neutral. Thus, neither toxin-increased nor toxin-decreased mutants have selective advantage. Moreover, it could be supposed that wild-type ancestral genotypes have no selective advantage. Consequently, natural selection was not strong enough to constrain the evolution of toxin production in the experimental isolates. So, the effect of history was maintained during evolution of toxin production under new environmental conditions.

Abiotic factors such as temperature, salinity, and inorganic nutrient availability ([@b2]) have a clear effect on both toxin production and growth rate in dinoflagellates ([@b7]; [@b43]; [@b2]; [@b44]). However, growth rate and toxin production are not usually correlated in dinoflagellates. For instance, [@b28] found that growth rate and toxin production were not associated in *A. minutum*. The reason for the lack of relationship between growth rate and toxin production could be due to the toxin synthesis that is not a constitutive component of algal metabolism; they are synthesized from low molecular weight metabolites while cell growth is a much more complex process. At present, it is not yet clear why some marine dinoflagellate produce toxins and the possible adaptive advantages. The evolutionary approach followed in this work could be useful to clarify the possible adaptive value of toxins in dinoflagellates. It is well established in evolutionary theory that traits that are strongly correlated with fitness (such as growth rate) evolve by adaptation (selection of favorable mutations) whereas traits that are not (or are very weakly) correlated with fitness evolve by chance ([@b37]; [@b53]). In fact, these were results found in the study and, consequently, it could be hypothesized that toxicity in *A. minutum* had no adaptive value. Chance could also explain the transformation of a daughter line of a single parental culture of the toxic strain 18-1T from *A. minutum* (sub *Alexandrium lusitanicum* Balech), to the nontoxic phenotype, then renamed strain 18-1NT ([@b40]). The toxic strain was isolated in 1962; in 1992, a subculture was sent to a different laboratory. It was found that the loss of toxicity occurred between 1995 and 2000 and it was argued that it could be due to genetic mutations or the effects of prolonged treatment of the nontoxic strain with antibiotics ([@b40]). Although the role of antibiotics cannot be rejected, the hypothesis of the role of neutral mutations in the loss of toxicity seems to be more plausible.

Taken together the results from the changes in growth rate and toxin cell quota under a scenario of global change of increased temperature and a pH drop of 0.5 units, it could be hypothesized that red tides of toxic *A. minutum* could increase but the toxicity of the cells may be unpredictable. Of course, the present study is an oversimplification of reality but it is a novel way to explore one of the main deficits in our knowledge of the long-term evolution of toxic algae. In order to add more knowledge on the future performance of toxic algae, more studies including other ecological factors involved in global change must be addressed.
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